Mannose is an important constituent of the immunomodulatory glycoconjugates of the mycobacterial cell wall: lipoarabinomannan (LAM), lipomannan (LM) and the related phosphomyo-inositol mannosides (PIMs). In Mycobacterium tuberculosis and the related bacillus Corynebacterium glutamicum, mannose is either imported from the medium or derived from glycolysis, and is subsequently converted into the nucleotide-based sugar donor guanosine diphosphomannose (GDP-mannose). This can be utilized by the glycosyltranferases of the GT-A/B superfamily or converted to the lipid-based donor polyprenyl monophosphomannose, and used as a substrate by the transmembrane glycosyltransferases of the GT-C superfamily. To investigate GDP-mannose biosynthesis in detail, the gene encoding a putative ManC in C. glutamicum was deleted. Deletion of manC resulted in a slow-growing mutant, with reduced but not totally abrogated guanosine diphosphomannose pyrophosphorylase activity. However, a comprehensive cell wall analysis revealed that C. glutamicumDmanC is deficient in PIMs and LM/LAM. Closer inspection suggests that promiscuous ManC activity is contributed by additional putative nucleotidyltransferases, PmmB, WbbL1, GalU and GlmU, and a hypothetical protein, NCgl0715. Furthermore, complementation analyses of C. glutamicumDmanC with Rv3264c suggested that it is a true homologue of ManC in M. tuberculosis, and the essentiality of PIMs in M. tuberculosis makes it an attractive drug target.
INTRODUCTION
In Corynebacterium glutamicum and Mycobacterium tuberculosis, mannose is an important constituent of several glycoproteins and glycolipids (Jackson & Brennan, 2009; Mishra et al., 2011a, b; VanderVen et al., 2005) . Mannose metabolism is essential for growth of Mycobacterium smegmatis, and may also have a role in regulating septation and cell division (Patterson et al., 2003) . Over 40 mannosecontaining proteins, including the virulence factor LprG, have been identified in the culture filtrates of M. tuberculosis (González-Zamorano et al., 2009) , and mannosylation of the resuscitation-promoting factor Rpf2 in the Corynebacterineae has also been characterized (Hartmann et al., 2004; Mahne et al., 2006; VanderVen et al., 2005) . In addition, the major cell wall components lipoarabinomannan (LAM) and lipomannan (LM) also contain mannose, and thus mannose represents a key constituent of these bacteria (Briken et al., 2004; Mishra et al., 2011a, b) .
Mannose is required in two different 'activated' forms in mycobacteria. In the cytosol, members of the glycosyltransferase GT-A/B family use GDP-mannose as a sugar donor, while in the extra-cytosolic domain, members of the glycosyltransferase GT-C family utilize polyprenyl monophosphomannose (PPM) as glycosyl donor (Liu & Mushegian, 2003) . Due to its pivotal role in cell wall synthesis and protein glycosylation, mannose biosynthesis has received much attention (Patterson et al., 2003; VanderVen et al., 2005) . Cellular mannose is probably obtained by two different routes with overlapping pathways. First, by transport of extracellular mannose from the medium or extracellular environment, or second, from glucose via the glycolytic pathway, where fructose 6-phosphate is converted to mannose 6-phosphate by phosphomannose isomerase, ManA (Patterson et al., 2003) (Fig. 1a, b) . McCarthy et al. (2005) demonstrated that ManB then converts the mannose 6-phosphate into mannose 1-phosphate, by overexpressing this enzyme in both phosphomannomutase-and phosphoglucomutase-deficient mutants of Pseudomonas aeruginosa. The final step, resulting in the synthesis of GDP-mannose, is catalysed by a GDP-mannose pyrophosphorylase, utilizing mannose 1-phosphate and guanosine triphosphate (Ning & Elbein, 1999) . The putative RmlA2 from M. tuberculosis has been cloned and expressed in Escherichia coli and shown to possess GDP-mannose pyrophosphorylase activity in the reverse direction (Ma et al., 2001) . Herein, we decided to study mannose biosynthesis in detail by experimentally validating the genes. We generated a C. glutamicum strain deficient in ManC (EC 2.7.7.13), a putative nucleoside diphosphate sugar pyrophosphorylase (homologue of Rv3264c), and studied its effect on GDP-mannose biosynthesis. The C. glutamicumDmanC strain was defective in GDP-mannose biosynthesis, but still had some residual GDP-mannose pyrophosphorylase activity. The promiscuous residual activity was found to be associated with several putative nucleotidyltransferases, and shed further light on the complexity of cell wall biogenesis in the Corynebacterineae.
METHODS
Bacterial strains, cell culture and growth conditions. C. glutamicum and E. coli DH5amcr were grown in LB broth at 30 and 37 uC, respectively. In addition, BHI and CGXII were also used for C. glutamicum (Eggeling & Bott, 2005) . Kanamycin and ampicillin were used at a concentration of 50 mg ml 21 , where appropriate.
Construction of plasmids and strains. To enable specific deletions in the chromosome of C. glutamicum of NCgl0710, NCgl0715 (hypothetical protein), NCgl0716 (putative Pmi) or NCgl0846 (putative GalU), non-replicable pK19mobsacB derivatives were constructed (Schäfer et al., 1994) containing 12 nt of the 39 end of the respective gene together with genomic upstream sequences, and 36 nt of the 59 end together with genomic downstream sequences (see Table S1 ). The non-replicative vector constructed was used to transform C. glutamicum to kanamycin resistance (Kan r ), indicating chromosomal integration. Sucrose-resistant (Suc r ) clones were selected in a second round of positive selection, indicating loss of (a) the vector-encoded sacB function. The specific deletions were verified by PCR. Plasmid pVWEx2 derivatives served for complementation studies with manC of either C. glutamicum or M. tuberculosis, cloned after amplification using the primers given in Table S1 . For expression in E. coli, plasmid pET16b was used with NCgl0846, NCgl0906, NCgl0656 and NCgl0710, amplified using the primers given in Table  S1 . All plasmids were verified by sequencing the insert.
In vitro characterization of GDP-mannose pyrophosphorylase activity Forward reaction. Wild-type C. glutamicum and C. glutamicumDmanC were cultured to the mid-exponential growth phase, in 1 l BHIS medium, and harvested by centrifugation. The cell pellet was resuspended in a minimal amount of buffer A (50 mM MOPS, pH 7.9, 5 mM 2-mercaptoethanol, 5 mM MgCl 2 ) and lysed immediately by sonication (60 s on, 90 s off, for a total of 10 cycles). The lysate was clarified by centrifugation at 27 000 g (4 uC, 30 min), the supernatant was collected and protein concentration determined using the BCA method. GDP-mannose pyrophosphorylase activity was determined by indirectly monitoring the synthesis of GDP-mannose by the addition of pyrophosphatase and malachite green, allowing spectrophotometric detection of the complex (yellow to green) formed between malachite green, molybdate and the inorganic phosphate released during GTP hydrolysis (Baykov et al., 1988) . Briefly, cytosolic fractions (1 mg) or purified proteins (100 mg, see below) in buffer A were incubated with 100 mM mannose 1-phosphate, 100 mM GTP, 150 mM NaCl and inorganic phosphatase (0.03 U ml 21 ) in a final volume of 400 ml. Samples were incubated at 37 uC for 1 h and terminated by addition of 200 ml malachite green reagent [1 : 1 : 2 : 2 ratio of 5.72 % (w/v) ammonium molybdate in 6 M HCl, 2.32 % (w/v) polyvinyl alcohol, 0.087 % (w/v) malachite green and distilled water] and left for 5 min at room temperature. The product absorbance was measured at 630 nm.
Reverse reaction. Cytosolic fractions (1 mg) and purified proteins (100 mg, see below) were incubated with 0.25 mCi (9.25 kBq) [ 14 C]GDP-mannose [0.305 Ci mmol 21 (11.3 GBq mmol 21 ), NEN Radiochemicals, PerkinElmer], 1 mM ATP, 1 mM sodium pyrophosphate and 5 mM MnCl 2 , to a final volume of 100 ml. The reaction mixture was incubated at 37 uC for 1 h and terminated by heating the mixture in a boiling water bath for 30 s, followed by four washes with activated charcoal (500 ml) to remove unreacted [ 14 C]GDP-mannose (Ning & Elbein, 1999) . The [ 14 C]mannose 1phosphate formed was quantified by liquid scintillation counting using 10 % of the reaction product and 5 ml EcoScint A (National Diagnostics). The remaining product was dried, resuspended in a minimal amount of water and subjected to TLC using silica gel plates (5735 silica gel 60 F 254 , Merck) and developed in i-propanol (propan-2-ol)/1 M ammonium acetate (2 : 1, v/v) and visualized by autoradiography.
[1,2-14 C]Acetate and D-[2-3 H(N)]mannose incorporation in total lipids. Different strains of C. glutamicum were grown as described above and labelled separately using 1 mCi ml -1 (37 kBq ml 21 ) [1,2-14 C]acetate [50-62 mCi mmol -1 (1850-2294 MBq mmol -1 ), GE Healthcare, Amersham Bioscience] and D-[2-3 H(N)]mannose [23.30 Ci mmol 21 (862.1 GBq mmol 21 ), NEN Radiochemicals, PerkinElmer] at OD 600 0.4, and cultures were grown for a further 4 h at 30 uC. Radiolabelled cells were harvested and washed with PBS (10 mM, pH 7.4), and total lipids were extracted as described by Dobson et al. (1985) . The lipid extracts were dried and resuspended in CHCl 3 /CH 3 OH (2 : 1, v/v), and incorporation of radioactivity was quantified by liquid scintillation counting using 10 % of the lipid fractions in 5 ml EcoScint A. Equal amounts of crude [1,2-14 C]acetate-labelled lipids (25 000 c.p.m.) were applied to the corners of 6.666.6 cm pieces of aluminium-backed TLC plates. The plates were developed using CH 3 Cl/CH 3 OH/H 2 O (60 : 30 : 6, by vol.) in the first direction, and CH 3 Cl/CH 3 COOH/CH 3 OH/H 2 O (40 : 25 : 3 : 6, by vol.) in the second direction (Dobson et al., 1985) and analysed by autoradiography (Kodak X-Omat AR).
Lipid extraction and purification of lipoglycans. Total and polar lipids were extracted as described earlier (Dobson et al., 1985) . These lipid extracts were examined by 2D-TLC on aluminium-backed plates of silica gel 60 F 254 (Merck 5554), using CHCl 3 /CH 3 OH/H 2 O (60 : 30 : 6, by vol.) in the first direction and CHCl 3 /CH 3 COOH/ CH 3 OH/H 2 O (40 : 25 : 3 : 6, by vol.) in the second direction. Glycolipids were visualized by spraying plates with either anaphthol/sulfuric acid, Dittmer and Lester Reagent, or 5 % ethanolic molybdophosphoric acid followed by gentle charring of plates. Samples were prepared for MALDI-TOF MS as described previously (Tatituri et al., 2007a, b) .
Lipoglycans were extracted from delipidated cells as previously described (Nigou et al., 1997; Ludwiczak et al., 2001; Tatituri et al., 2007a, b) . Briefly, the cell pellet was sonicated (MSE Soniprep 150, 12 micron amplitude, 60 s on, 90 s off for 10 cycles, on ice) and refluxed five times with 50 % C 2 H 5 OH at 85 uC, for 12 h intervals. The supernatant was collected, dried and treated with hot phenol/H 2 O at 65 uC. The aqueous phase was dialysed and dried, followed by extensive treatments with a-amylase, DNase, RNase, chymotrypsin and trypsin. This crude fraction was then monitored on 15 % SDS-PAGE using Pro-Q emerald glycoprotein stain.
Expression and purification of proteins. E. coli BL21(DE3) was freshly transformed with either pET16b-NCgl0846, pET16b-NCgl0906, pET16b-NCgl0656 and pET16b-Cg-ManC (Table S1 ). Recombinants were grown at 37 uC in L-Broth until cells reached mid-exponential phase (OD 600 0.6), at which time 0.1 mM IPTG was added. After a further cultivation overnight at 16 uC, the cells were harvested and disrupted by sonication at a pulse rate of 30 s on and 30 s off for a total of 10 cycles as described previously (Mishra et al., 2009) . The 66His-tagged proteins were isolated by gravity-flow chromatography using Ni-NTA agarose and protein eluted with 50 mM NaH 2 PO 4 , 500 mM NaCl, 10 % glycerol, pH 8, and increasing imidazole concentrations.
RESULTS

Chromosomal deletion of NCgl0710
Rv3264c is present in a conserved rhamnose biosynthetic cluster ( Fig. 1b ) and is a pseudogene in M. smegmatis mc 2 155, questioning its role and function. It has been shown to be an essential gene by transposon mutagenesis in M. tuberculosis H37Rv (Sassetti et al., 2003) . This gene is organized in synteny in Corynebacterineae (Fig. 1b) , and is preceded by a transcriptional regulator (Rv3267, NCgl0708) with a transmembrane helix and domain PF03816 (Bateman et al., 2004) , which is a cell enveloperelated transcriptional attenuator domain. Adjacent to this ORF is Mycobacterium rmlD (dTDP-4-dehydrorhamnose reductase), followed by wbbL1 (a-D-GlcNAc a-1,3-Lrhamnosyltransferase). In M. smegmatis, both genes are essential (Ma et al., 2001 (Ma et al., , 2002 and required in the initial stages of arabinogalactan synthesis. Downstream of wbbL1 is Rv3264c (NCgl0710), which was previously annotated as rmlA2 (Ning & Elbein, 1999) , and manB ( which according to our enzyme activity assays described below is now renamed manC (Fig. 1b ).
Due to the essentiality of Rv3264c in M. tuberculosis (Sassetti et al., 2003) , we expected NCgl0710 to be essential in C. glutamicum. However, deletion mutants could easily be obtained. Use of the deletion vector pK19mobsacBDmanC ( Fig. 2a ) and positive selection for integration with subsequent positive selection for loss of vector, yielded five mutants out of the 12 clones inspected which had lost chromosomal NCgl0710, whereas in the remaining seven clones, the wild-type situation was restored (Fig. 2b) . One of the representative mutants, termed C. glutamicumDmanC, was analysed in more detail. Growth of the mutant on plates was mucous and growth in liquid minimal medium CGXII was reduced from 0.34 to 0.28 h 21 , as was the final optical density. Transformation of C. glutamicumDmanC with pVWEx2 Cg-manC restored growth (Fig. 2c ). From this analysis we concluded that (i) manC has a different function, (ii) the absence of GDP-mannose led to reduced growth but has no severe consequence on viability, or (iii) other genes can provide GDP-mannose in C. glutamicum.
Characterization of GDP-mannose pyrophosphorylase activity in C. glutamicum and C. glutamicumDmanC
To investigate the role of Cg-manC, and the effect of its deletion from C. glutamicum, we utilized GDP-mannose pyrophosphorylase assays based on either the release of inorganic phosphate from pyrophosphate during the synthesis of GDP-mannose from mannose 1-phosphate and GTP (forward assay), or as a measure of [ 14 C]GDP-mannose breakdown into [ 14 C]mannose 1-phosphate and GTP (reverse assay). Wild-type C. glutamicum and C. gluta-micumDmanC were grown and harvested, and cytosolic fractions were prepared and assayed for the presence of ManC activity. The forward assay demonstrated a significant reduction (~50 %) in the breakdown of GTP during the synthesis of GDP-mannose by the cytosolic preparation of C. glutamicumDmanC, in comparison with wild-type C. glutamicum (Fig. 3a) . In the reverse assay, [ 14 C]GDP-mannose was incubated with sodium pyrophosphate and cytosolic fractions from C. glutamicum and C. glutamicumDmanC. After incubation, unreacted nucleotides and nucleotide sugars were removed using activated charcoal, and the formation of [ 14 C]mannose 1-phosphate was determined. The reaction mixture without any protein fraction showed a basal level of radioactivity of 43±41 c.p.m., suggesting complete removal of unconverted GDP-mannose from the reaction mixture (Fig. 3b, c) . The reaction product from the cytosolic fraction of wild-type C. glutamicum afforded 7069±330 c.p.m. of radioactive product, whilst C. glutamicumDmanC afforded 1103±255 c.p.m. of radioactive product. The data suggested that deletion of Cg-manC resulted in a reduction of more than 85 % of GDP-mannose pyrophosphorylase activity in C. glutamicum-DmanC in comparison with wild-type C. glutamicum. Both forward and reverse reactions indicate that there is some residual GDP-mannose pyrophosphorylase activity present in C. glutamicumDmanC, possibly contributed by other enzymes involved in the synthesis of similar nucleotidyl sugars ( Fig. 3a-c) . Complementation with pVWEx2 Cg-manC and pVWEx2 Mt-Rv3264c achieved GDP-mannose pyrophosphorylase activity comparable with that of the wild-type (Fig. 3a, b) . Fig. 4a ) and D-[2-3 H(N)]mannose ( Fig. 4b) in total lipids. The data show that as compared with lipids from wild-type C. glutamicum (130 817± 6545 c.p.m.), C. glutamicumDmanC (85 523±1588 c.p.m.) has a reduced [1,2-14 C]acetate incorporation (Fig. 4a) .
The level of D-[2-3 H(N)]mannose incorporation into lipids was strongly reduced in C. glutamicumDmanC to 481± 162 c.p.m. in comparison with the wild-type, at 9703± 452 c.p.m. (Fig. 4b) . Lipid extracts from the [1,2-14 C]acetate preparation were further examined by 2D-TLC/autoradiography, confirming the abrogation of mannolipids, ManGlcAGroAc 2 (Gl-X) and Ac 1 PIM 2 , in the [1,2-14 C]acetatelabelled lipids (Fig. S1 ). However, D-[2-3 H(N)]mannose lipid extracts did not show a visible incorporation of D-[2-3 H(N)]mannose on TLC (data not shown). Complementation with pVWEx2 Cg-manC and pVWEx2 Mt-Rv3264c achieved acetate and mannose incorporation in lipids to the wild-type level (Fig. 4a, b) .
Polar lipid analysis in C. glutamicum and C. glutamicumDmanC
A detailed analysis of mannolipid synthesis in the different strains was carried out. The lipid fraction from wildtype C. glutamicum possessed Gl-X, GlcAGroAc 2 (Gl-A), Ac 1 PIM 2 and various other phospholipids (Fig. 5a) . Surprisingly, whilst Gl-A and phospholipids were present in C. glutamicumDmanC, Ac 1 PIM 2 was absent. In addition, Gl-X seemed to be unaffected. However, phosphate staining revealed the presence of phosphatidylinositol (PI), which co-migrates with Gl-X (Fig. S2) . To verify the identity of these lipids in C. glutamicum, we carried out negative ion mode MALDI-MS, which revealed peaks at m/z 835 [M2H] 2 for PI with C 16 /C 18 : 1 and m/z 1396 [M2H] 2 for Ac 1 PIM 2 (C 16 /C 16 /C 18 : 1 ) (Fig. 5b) . As expected from 2D-TLC analysis, the signal attributed to Ac 1 PIM 2 , i.e. m/z 1396, was not observed in C. glutamicumDmanC (Fig. 5b) .
Analysis of mannose-based higher lipoglycans in C. glutamicum and C. glutamicumDmanC
As GDP-mannose-derived PIMs serve as precursors for the lipoglycans LM and LAM, the effect of the Cg-manC deletion on LM and LAM was also analysed. Lipoglycans were extracted by ethanol reflux, followed by hot phenol treatment, protease digestion and dialysis to remove In vitro characterization of GDP-mannose pyrophosphorylase activity in different strains of C. glutamicum. Different strains were cultured to the mid-exponential growth phase, harvested, resuspended in buffer A and lysed. The lysate was clarified and cytosolic fractions were used to determine GDP-mannose pyrophosphorylase activity. (a) Cytosolic fractions (1 mg of protein) in buffer A were incubated with 100 mM mannose 1-phosphate, 100 mM GTP, 150 mM NaCl and inorganic phosphatase (0.03 U ml "1 ) in a final volume of 400 ml. Samples were incubated at 37 6C for 1 h and terminated by addition of 200 ml malachite green followed by measurement of product absorbance at 630 nm. (b) Briefly, cytosolic fractions (1 mg protein) were incubated with 0.25 mCi (9.25 kBq) [ 14 C]GDP-mannose [0.305 Ci mmol "1 (11.3 GBq mmol "1 ), NEN Radiochemicals, PerkinElmer], 1 mM ATP, 1 mM sodium pyrophosphate and 5 mM MnCl 2 to a final volume of 100 ml. The reaction mixture was incubated at 37 6C for 1 h followed by four washes with activated charcoal to remove unconverted C . g lu t a m ic u m C . g lu t a m ic u m Δ m a n C C . g lu t a m ic u m Δ m a n C p V W E x 2 C g -m a n C C . g lu t a m ic u m Δ m a n C p V W E x 2 M t -R v 3 2 6 4 c C . g lu t a m ic u m C . g lu t a m ic u m Δ m a n C C . g lu t a m ic u m Δ m a n C p V W E x 2 C g -m a n C C . g lu t a m ic u m Δ m a n C p V W E x 2 M t -R v 3 2 6 4 c C. glutamicumDmanC by transformation with plasmid pVWEx2 Cg-manC restored the wild-type phenotype (Fig. 6) .
Proteins with similarity to GDP-mannose pyrophosphorylase ManC
In the absence of ManC, additional enzymes involved in partial synthesis of GDP-mannose in C. glutamicum were selected on the basis of their homology to Cg-ManC and subjected to combined genetic and biochemical analyses. The summary of mutational and biochemical analysis of these genes is given in Table 1 . Deletion of the gene encoding a putative nucleotidyltransferase, NCgl0846, could be achieved, but the mutant had no growth defect on complex medium BHI and salt medium CGXII-glucose, whereas NCgl0906 could not be inactivated and is therefore probably essential for bacterial growth. Furthermore, NCgl0709 (putative Wbbl1) and NCgl0715 present in the adjacent cluster were also studied (Fig. 1b) . Whereas NCgl0709 could not be inactivated in C. glutamicum, endorsing its essentiality for cell wall synthesis (Mills et al., 2004) , NCgl0715 could be deleted without any growth defect on complex medium BHI and salt medium CGXII-glucose. Growth rates typical for the wild-type were obtained (data not shown), suggesting that these genes are not involved in the core supply of the mannose building block.
Promiscuous GDP-mannose pyrophosphorylase activities from different proteins of C. glutamicum
The above putative nucleotidyltransferases were cloned, expressed and purified (Fig. S3 ), and their ability to synthesize GDP-mannose by GDP-mannose pyrophosphorylase assay (both forward and reverse reactions) was determined and compared with that of Cg-ManC (Fig. 7) . In the forward assay, i.e. indirect estimation of GDPmannose synthesis by measuring GTP breakdown, Cg-ManC showed high activity, with statistically significant activities from NCgl0656, NCgl0709, NCgl0715, NCgl0846 and NCgl0906 (Fig. 7a) . Similarly, in the reverse ManC assay, Cg-ManC also showed the highest enzymic activity 
Cell wall synthesis (Fig. 1) 2 Phosphomannomutase/phosphoglucomutase. Complementation of P. aeruginosa. Enzymic activity NCgl0715 Rv3256c
Cell wall synthesis (Fig. 1) Deletion possible without any phenotype (in this work)
Predicted sugar-6-phosphate isomerase; glutaminefructose-6-phosphate transaminase (4566±81.56 c.p.m.) (Fig. 7b ). The combined [ 14 C]GDPmannose breakdown activity of the five putative nucleotidyltransferases, NCgl0656, NCgl0709, NCgl0715, NCgl0846 and NCgl0906, was approximately 9 % of the enzymic activity of Cg-ManC, which is similar to the residual GDPmannose pyrophosphorylase activity found in C. glu-tamicumDmanC (see above and Fig. 3b ). The data suggest that these five proteins might be contributing towards partial synthesis of residual GDP-mannose in C. glutamicumDmanC (Figs 3, 4 and 7) .
Characterization of the M. tuberculosis homologue of Cg-ManC
Cg-ManC shows 76.8 % similarity and 66.9 % identity to M. tuberculosis Rv3264c. Therefore, a plasmid-borne copy of Rv3264c was expressed in C. glutamicumDmanC. Transformation of C. glutamicumDmanC with pVWEx2 Mt-Rv3264c restored growth, which was comparable with that of the wild-type (Fig. 2c ). Further GDP-mannose pyrophosphorylase activity assays, incorporation of [1,2-14 C]acetate and D-[2-3 H(N)]mannose into total lipid and mannolipid analysis using 2D-TLC suggested restoration of complete synthesis of GDP-mannose-based lipids (Figs 3a,   b , 4a, b and 5a). In addition, lipoglycan analysis from C. glutamicumDmanC pVWEx2 Mt-Rv3264c suggested the synthesis of Cg-LM and Cg-LAM, demonstrating that a sufficient amount of GDP-mannose is synthesized, required for the synthesis of PPM, which in turn results in the accumulation of the higher lipoglycans Cg-LM and Cg-LAM in the complemented strain (Fig. 6) . The data suggest that Rv3264c is a true homologue of Cg-ManC and is responsible for synthesis of GDP-mannose from mannose 1-phosphate and GTP.
DISCUSSION
In mycobacteria, mannose can be synthesized either via a de novo pathway involving ManA or by transport of extracellular mannose from the medium with the activity of a hexokinase (Kowalska et al., 1980; Patterson et al., 2003) . The pathway involves a series of enzymic activities, including phosphomannose isomerase (ManA), phosphomannomutase (ManB) and GDP-mannose pyrophosphorylase (ManC) ( Fig. 1a ) (Ma et al., 2001; McCarthy et al., 2005; Ning & Elbein, 1999; Patterson et al., 2003) . In this context, the effect of the deletion of manA in M. smegmatis has been characterized and it has been suggested that ManA is required for the growth of bacteria in the absence of extracellular mannose (Patterson et al., 2003) . However, the inability to delete other genes of the pathway in mycobacteria led to biochemical studies based on overexpression of Rv3257c in M. smegmatis and P. aeruginosa (McCarthy et al., 2005) , and Rv3264c in E. coli (Ma et al., 2001) . Consequently, a comprehensive analysis of the role of these enzymes in cell wall biogenesis has always been limited. In such a scenario, the use of the easily cultivable and non-pathogenic C. glutamicum has been very useful, especially in terms of otherwise essential genes in mycobacteria, involved in the biosynthesis of mycolic acids (Gande et al., 2004 (Gande et al., , 2007 , arabinogalactan (Alderwick et al., 2006a (Alderwick et al., , b, 2007 Birch et al., 2008; Seidel et al., 2007) and LAM (Gibson et al., 2003; Mishra et al., 2007 Mishra et al., , 2008a Mishra et al., , b, 2009 Mishra et al., , 2011a Tatituri et al., 2007a, b) .
Herein, we focused our analysis on Rv3264c, annotated as HddC, RmlA2 or ManB in various genomic databases. However, according to Ma et al. (2001) , Rv3264c possesses GDP-mannose pyrophosphorylase activity, which is the third step after phosphomannose isomerase, ManA, and phosphomannomutase, ManB, in the GDP-mannose pathway, and therefore should be called ManC. Its presence in the rhamnose biosynthetic cluster, and as a pseudogene in M. smegmatis mc 2 155, raises concern about its role. To solve this puzzle and characterize the role of ManC in detail, we generated a C. glutamicum strain deficient in the Rv3264c homologue NCgl0710. Deletion of NCgl0710 resulted in a slow-growing mutant with a defective phenotype. Specifically designed GDP-mannose pyrophosphorylase assays, based on the breakdown of GTP (forward assay) and GDP-mannose (reverse assay), demonstrated the abrogation of most of the GDP-mannose pyrophosphorylase
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activity, which is evidence that NCgl0710 encodes GDP-mannose pyrophosphorylase, ManC. In addition, [1,2-14 C]acetate and D-[2-3 H(N)]mannose labelling experiments also substantiate that manC encodes the majority of the activity required for the synthesis of mannolipids. Interestingly, in the cytosolic fraction from C. glutami-cumDmanC there is still some remaining GDP-mannose pyrophosphorylase activity present, suggesting that additional proteins exist with GDP-mannose synthesizing activity. In addition, as GDP-mannose is a substrate for PIMs, which in turn are precursors for LM/LAM, a complete biochemical characterization of the cell wall of the mutant was undertaken. 2D-TLC/MALDI-TOF MS and SDS-PAGE analyses for PIMs and LM/LAM, respectively, suggested that C. glutamicumDmanC is defective in the majority of mannolipids based on GDP-mannose and PPM, including Ac 1 PIM 2 , Gl-X, Cg-LM and Cg-LAM, indicating that ManC plays an important role in the synthesis of these lipids and lipoglycans.
To investigate the residual GDP-mannose pyrophosphorylase activity present in the cytosolic fraction of C. glutamicumDmanC, five candidate putative nucleotidyltransferases were selected on the basis of their sequence homology to ManC and were biochemically characterized. All five assayed proteins exhibited some GDP-mannose pyrophosphorylase activity, with the highest activities obtained for wbbL1 and the NCgl0715-encoded protein.
Whereas WbbL1 is a nucleotidyltransferase, and thus belongs to enzymes with known promiscuous substrate specificity (He & Liu, 2002) , the native function of the NCgl0715-encoded protein is still unknown. Cumulatively, our data suggested that ManC is the main GDP-mannose pyrophosphorylase in C. glutamicum; however, there are other nucleotidyltransferases which also contribute towards the biosynthesis of GDP-mannose, albeit in vitro.
C. glutamicum and M. tuberculosis share a very similar cell wall ultrastructure, suggesting similarity in the biosynthetic machinery involved. Our previous studies led to the identification of several common genetic loci in the two organisms, including AftA, AftB, AftC and UbiA, involved in arabinogalactan synthesis , and Ppm1, MgtA, PimB9, MptA, MptB and MptC, involved in LAM synthesis (Mishra et al., 2011a, b) . Sequence identities between NCgl0710 and Rv3264c, and their syntenic organization ( Fig. 1b) , suggest a similar role for Rv3264c in M. tuberculosis. The ability of C. glutamicumDmanC pVWEx2 Mt-Rv3264c to synthesize complete cell wall mannolipids is functional evidence that Rv3264c restores GDP-mannose synthesis. Hence we can suggest that Rv3264c plays the same role in M. tuberculosis in GDP-mannose synthesis, and is therefore also required for the essential glycolipids, which makes it an attractive drug target.
